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SUMMARY 
Force t e s t s  have been conducted of three slab-sided d e l t a  planform wings, 
one with a s t r a i g h t  leading edge and two with curved leading edges. One curved 
wing had constant spanwise leading-edge radius and wing thickness and f o r  the 
other curved wing, the leading-edge radius and wing thickness decreased l i n e a r l y  
over the span. The longi tudinal  c h a r a c t e r i s t i c s  of the  three wings were meas- 
ured over an angle-of-attack range from - 5 O  t o  approximately 13'. 
numbers per foot  were approximately 2.26 and 0.91 x 106 a t  Mach numbers of 3 
and 6, respectively.  
The Reynolds 
Substant ia l  reductions i n  drag coef f ic ien t  with no appreciable difference 
i n  l i f t  and pitching-moment c h a r a c t e r i s t i c s  were noted f o r  the curved leading- 
edge wings as compared with the s t r a i g h t  leading-edge wing. A t  z e r o - l i f t  con- 
d i t ions  the drag coef f ic ien ts  of the curved leading-edge wing with spanwise 
decreasing leading-edge radius and wing thickness were 26 and 50 percent lower 
a t  Mach numbers of 3 and 6, respectively,  than t h a t  f o r  the  s t r a i g h t  leading- 
edge wing. The drag c h a r a c t e r i s t i c s  of the  curved leading-edge wing with con- 
s t a n t  spanwise leading-edge radius and thickness indicated t h a t  approximately 
one-half of the aforementioned z e r o - l i f t  drag-coefficient reduction resu l ted  
from leading-edge curvature, the  remaining reduction being due t o  decreasing 
leading-edge radius and wing thickness.  These reductions i n  drag coef f ic ien t  
were maintained a t  l i f t i n g  conditions and were re f lec ted  i n  maximum l i f t - d r a g  
r a t i o s  16 and 32 percent higher a t  Mach numbers of 3 and 6, respectively,  f o r  
the curved leading-edge wing with decreasing spanwise leading-edge radius and 
wing thickness as compared with the  s t r a i g h t  leading-edge wing. 
INTRODUCTION 
Present-day design of f ixed s t r a i g h t  leading-edge aerodynamic l i f t i n g  sur- 
faces f o r  f l i g h t  a t  moderate or high supersonic speeds a r e  not  compatible with 
low-speed requirements. Highly swept sharp leading edges are required f o r  maxi- 
mum f l i g h t  eff ic iency a t  supersonic speeds, whereas moderately swept surfaces 
with rounded leading edges are needed a t  subsonic speeds. The design problem 
i s  f u r t h e r  complicated by high-speed aerodynamic heating considerations which 
I 
necess i t a t e  b lunt  leading edges t h a t  are detr imental  t o  high-speed ef f ic iency .  
Therefore, t he  f i n a l  surface design must be an optimum choice between those 
required f o r  high- and low-speed f l igh t .  
In  order t o  improve fu r the r  the  optimum wing design, consideration w a s  
given t o  a l t e r i n g  t h e  geometric aspects  of the  surface leading edge i n  view of 
t h e i r  e f f e c t s  upon both aerodynamic force and hea t ing  cha rac t e r i s t i c s .  E x p e r i -  
mental results of references 1, 2, and 3 revea l  t h a t  increasing leading-edge 
sweep and decreasing leading-edge radius  of a s t r a i g h t  leading-edge surface 
improves high-speed f l i g h t  eff ic iency.  Although such a l t e r a t i o n s  would decrease 
low-speed f l i g h t  eff ic iency,  experimental results of reference 4 i nd ica t e  t h a t  
introduct ion of leading-edge curvature would be bene f i c i a l .  Also, i n  r e f e r -  
ence 5 ,  based on the  experimental and t h e o r e t i c a l  results of references 6 and 7, 
it i s  shown t h a t  t he  laminar convective heat ing r a t e  of an aerodynamic leading 
edge a t  high speeds i s  proport ional  t o  the  cosine of the  leading-edge sweep and 
inversely proport ional  t o  t h e  square root  of the  leading-edge radius .  Therefore, 
i n  t he  appendix of t h i s  paper an ana ly t i ca l  method i s  presented; t h i s  method 
results i n  spanwise increasing leading-edge sweep with a corresponding decreasing 
leading-edge radius,  through the  introduct ion of leading-edge curvature, such 
t h a t  t he  re la t ionship  between them t h a t  i s  associated with aerodynamic heat ing 
i s  not a l t e r ed .  Since references 1 and 3 ind ica te  bene f i c i a l  results by 
increasing the  sweep of a s t r a i g h t  leading edge and not by spanwise increasing 
sweep through leading-edge curvature, the  ana ly t i ca l  method w a s  appl ied t o  a 
s t r a i g h t  leading-edge d e l t a  wing, the  results of force t e s t s  a t  Mach numbers of 
3 and 6 comparing the  s t r a i g h t  and curved leading-edge wings being presented 
herein.  To i s o l a t e  the  combined e f f e c t s  of spanwise increasing leading-edge 
sweep and decreasing leading-edge radius,  experimental results of t h e  curved 
leading-edge wing with constant leading-edge radius  are a l s o  presented. 
SYMBOLS 
The forces  and moments were re fer red  t o  the  s t ab i l i t y -axes  system whose 
o r ig in  w a s  located a t  the  midpoint of the  theo re t i ca l  wing root  chord and i n  
the  plane of symmetry. (See f i g .  1.) 
dis tances  as defined i n  f igu re  6 
- 
C mean geometric chord, i n .  
cD 
cD, c 
drag coef f ic ien t ,  
Balance-chamber drag 
balance -chamber drag coef f ic ien t ,  
q s  
drag coe f f i c i en t  a t  CL = 0 cD, o 
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CD, t e  
CL 
c, 
a 
I 
L/D 
M 
9 
r 
R 
R '  
S 
t 
tr 
x, Y 
X ' , Y '  
a 
A 
A' 
& 
n;, 
t ra i l ing-edge drag 
l i f t  coef f ic ien t  , 
Trailing-edge drag 
ss 
coeff ic ient ,  
L i f t  
Pi tching moment about 0.32 
pitching-moment coeff ic ient ,  
qSc' 
d i m e  t e  r 
length of wing t h e o r e t i c a l  root chord 
l i f t - d r a g  r a t i o  
free-stream Mach number 
free-stream dynamic pressure, lb/sq f t  
radius 
leading-edge radius  of straight leading-edge wing, i n .  
l o c a l  leading-edge radius of curved leading-edge wing, i n .  
wing reference area, 0.4214 sq f t  
l o c a l  half-thickness a t  leading-edge surface (see f i g .  6 ) ,  i n .  
half-thickness a t  root  of surface (see f i g .  6 ) ,  i n .  
Cartesian coordinates of curved leading edge (see f i g .  l(b), 
~ ( c ) ,  o r  6 ) ,  i n .  
Cartesian coordinates of or ig in  of  leading-edge r a d i i  (see 
f i g .  l ( c ) ) ,  i n .  
angle of a t tack,  deg 
geometric sweep angle of straight leading-edge surface, deg 
local- geometric sweep angle of curved leading-edge surface, deg 
e f fec t ive  sweep angle of s t r a i g h t  leading-edge surface (angle 
between free-stream d i r e c t i o n  and leading edge), deg 
l o c a l  e f f e c t i v e  sweep angle of curved leading-edge surface 
(angle between free-stream di rec t ion  and leading edge), deg 
3 
APPARATUS AND MODELS 
The investigation was conducted in the 2-foot hypersonic facility at the 
Langley Research Center. This facility is of the continuous-flow type and is 
capable of operating over a Mach number range from 3 to 7. A detailed descrip- 
tion of the facility is given in reference 8. 
The first curved wing (designated wing 11) was designed by applying the 
analytical method of appendix A to the straight leading-edge wing (designated 
wing I), whose dimensional details are given in figure l(a) . 
leading-edge sweep angle of A' = 79' at the wing tip, a semispan of x = 3.9 
(equal to the semispan of wing I), and an angle of attack of 12O, the value of 
A = 7.80 
With a chosen 
was obtained from 
- ~- 
(1 - cos2&(l - t )  
tan A' = - - dY = __ 
dx 
os& - 1 + cos2h 
Applying the wing-tip boundary conditions of y = 0 and x = 3.9 yields the 
value of B = 18.14 as obtained from 
- A + x  
A cos2a sin-l 
cos24 
+ . -  
cos24 
With the unknown quantities of these equations now determined, the local 
leading-edge sweep angle A' and associated x and y coordinates of the 
curved leading edge were computed. The coordinates and local sweep angles, 
together with other dimensional details of wing 11, are given in figure l(b). 
The leading-edge radius of this wing was held constant SO that a comparison 
between wing I1 and wing I would reveal only the aerodynamic effects of 
leading-edge curvature. 
The leading-ed.ge curvature of the second curved wing (designated wing 111) 
was determined in the same manner as that stated for wing 11. In addition, to 
obtain the spanwise decreasing leading-edge radius, the following equation was 
used: 
4 
x - A  R'  = 
tr s i n  A' 
A2 - s i n  A1 - 
A2 
2 s i n  A' 
+ 
tr\(tr2sin2A1 + A2 
Tunnel stagnation 
pressure,  lb/sq f t  
The r e s u l t i n g  values of R' together with other dimensional d e t a i l s  of wing I11 
a r e  given i n  f igure l ( c ) .  The wing root  half-thickness tr used w a s  0.3, which 
i s  the root  half-thickness of the s t r a i g h t  leading-edge wing. 
Stagnation Approximate Reynolds 
temperature, OF number per  foot  
Introduction of curvature t o  a s t r a i g h t  leading-edge wing while the same 
wing span i s  maintained results i n  the curved wing having more wing area than 
the  s t r a i g h t  wing. Therefore, t o  maintain the same aspect r a t i o  of 1.003 f o r  
a l l  three wings t o  give a d i r e c t  aerodynamic comparison, it w a s  necessary t o  
ad jus t  the t r a i l i n g  edge of wing I u n t i l  i t s  a rea  w a s  equal t o  t h a t  of the 
curved wings. 
wing I becoming a clipped d e l t a  planform. 
This adjustment resu l ted  i n  the  o r i g i n a l  t r u e  d e l t a  planform of 
Each wing model w a s  mounted i n  the tunnel t e s t  sect ion on a 0.75-inch- 
diameter s t i n g  and a conventional sting-support arrangement. 
TESTS, MEASUREMENTS, AND ACCURACY 
The wings were t e s t e d  a t  angles of a t t a c k  from -5O t o  approximately 13'. 
Other t e s t  conditions were as follows: 
I 2:: I 2 115 5570 95 315 2.26 x 106 -91 
Forces and moments were measured by an e l e c t r i c a l  strain-gage balance 
located ins ide  the  balance chamber of each wing. The pressures i n  the  balance 
chamber and along t h e  blunt  t r a i l i n g  edge (see f i g .  l ( a )  f o r  o r i f i c e  locat ions)  
were a l so  measured. 
The angle-of-attack measurements were corrected f o r  balance and s t i n g  
def lect ion under load. The values of angle of a t tack  a r e  estimated t o  be accu- 
r a t e  within k0.2'. 
Based on t h e  s e n s i t i v i t y  of t h e  strain-gage balance, t h e  measured coeffi-  
c ien ts  a r e  accurate within t h e  following limits: 
5 
c L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . * o . o o 5  
c ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . + o . o o l  
& . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . +  0.001 
The force data presented herein were not adjusted t o  free-stream conditions 
at  the  base of the  wings or balance chamber housing. The estimated accuracy of 
C D , ~  and C D , ~ ~  i s  +lo percent of t he  measured values.  
DISCUSSION OF RESULTS 
The var ia t ion  of chamber-pressure and t ra i l ing-edge  drag coe f f i c i en t  with 
angle of a t t ack  f o r  the three wings tested (wings I, 11, and 111) is  presented 
i n  f igu re  2. The t ra i l ing-edge drag coe f f i c i en t  compares favorably with t h a t  
computed from the  t h e o r e t i c a l  base pressure coe f f i c i en t  based on (See 
t a b l e  i n  f i g .  2 ( b ) . )  
1/M2. 
The longi tudinal  aerodynamic c h a r a c t e r i s t i c s  for a l l  three  wings are pre- 
sented i n  f igure  3. Comparison of the  l i f t  and pitching-moment coe f f i c i en t s  
f o r  t he  three wings shows no appreciable e f f e c t s  on the  longi tudina l  aerodynamic 
cha rac t e r i s t i c s  due t o  e i t h e r  leading-edge curvature (wing I1 compared with 
wing I)  or  decreasing spanwise leading-edge radius (wing I11 compared with 
wing 11). The slight decrease i n  the  slope of the  pitching-moment curves f o r  
wings I1 and I11 as compared with wing I i s  a t t r i b u t e d  t o  t h e i r  planform area 
d i s t r ibu t ion  r e l a t i v e  t o  the  moment reference center .  The s l i g h t  zero s h i f t  of 
curves i s  the result of tunnel flow angular i ty .  
The most  pronounced e f f e c t s  due t o  leading-edge curvature and decreasing 
spanwise leading-edge radius  were on the drag c h a r a c t e r i s t i c s .  As indicated i n  
f igures  3(b) and 4, t he  changes i n  drag a r e  independent of l i f t .  
26-percent reduction i n  z e r o - l i f t  drag due t o  combined leading-edge curvature 
and decreasing spanwise leading-edge radius  (wing I11 compared with wing I)  w a s  
obtained, the l a r g e s t  p a r t  of the  reduction, 17 percent, being due t o  leading- 
edge curvature alone (wing I1 compared with wing I).  
l i f t  drag reduction of 50 percent i s  noted, t he  l a r g e s t  p a r t  of t he  reduction, 
29 percent, r e su l t i ng  from decreasing spanwise leading-edge radius .  
A t  M = 3, a 
A t  M = 6, a greater zero- 
The ef fec ts  of leading-edge curvature and decreasing spanwise leading-edge 
radius  on the l i f t - d r a g  r a t i o s  are presented i n  figure 5.  The aforementioned 
reductions i n  z e r o - l i f t  drag, as a r e s u l t  of leading-edge modifications, are 
r e f l ec t ed  as increases  i n  l i f t - d r a g  r a t i o s .  These combined leading-edge modifi- 
ca t ions  r e su l t ed  i n  a 16- and 32-percent increase i n  maximum l i f t - d r a g  r a t i o  
a t  
maximum l i f t - d r a g  r a t i o .  
M = 3 and 6, respect ively,  with a slight decrease i n  l i f t  coe f f i c i en t  f o r  
6 
I 
CONCLUSIONS 
R e s u l t s  of force  tests of th ree  slab-sided d e l t a  planform wings, one with 
a s t r a i g h t  leading edge and two with curved leading edges, at  Mach numbers of 3 
and 6 are as follows: 
1. The l i f t  and pitching-moment cha rac t e r i s t i c s  of both curved leading-edge 
wings were e s s e n t i a l l y  i d e n t i c a l  t o  those of the  s t r a i g h t  leading-edge wing. 
2. Zero- l i f t  drag coe f f i c i en t s  of t h e  curved leading-edge wing with span- 
wise decreasing leading-edge radius  and corresponding wing thickness w e r e  26 
and 50 percent l o w e r  a t  Mach numbers of 3 and 6, respect ively,  than those f o r  
t h e  s t r a i g h t  leading-edge wing. 
3. The curved leading-edge wing with constant spanwise leading-edge radius  
and wing thickness indicated tha t  approximately one-half of t he  z e r o - l i f t  drag- 
coe f f i c i en t  reduction due t o  leading-edge curvature with decreasing leading-edge 
radius  and corresponding wing thickness w a s  t he  result of leading-edge curvature, 
the  remaining reduction being due t o  decreasing leading-edge radius  with corre-  
sponding decreasing wing thickness.  
4. Maximum l i f t - d r a g  r a t i o s  16 and 32 percent higher than those f o r  t he  
s t r a i g h t  leading-edge wing, a t  Mach numbers of 3 and 6, respect ively,  w e r e  noted 
f o r  t he  curved leading-edge wing with decreasing spanwise leading-edge radius  
and wing thickness.  
Langley Research Center, 
National Aeronautics and Space Administration, 
Langley Stat ion,  Hampton, Va., June 19, 1964. 
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APPENDIX A 
A METHOD OF INTRODUCING CURVATURE TO A BLUNT HIGH-SPEED 
AERODYNAMIC I;EADING EDGE 
A s  noted i n  reference 5 ,  based on the t h e o r e t i c a l  and experimental r e s u l t s  
d t  
of references 6 and 7, the  laminar convective heat ing rate - of an aerodynamic 
leading edge a t  high-speed f l i g h t s  is  a function of leading-edge geometry and i s  
expressed approximately as 
From t h i s  expression it i s  noted t h a t  by introducing curvature t o  a leading 
edge such t h a t  i t s  sweep i s  continuously increased over the  leading-edge span, a 
corresponding reduction i n  leading-edge radius  could be made without a l t e r i n g  the  
geometric re la t ionship  on the right-hand s ide  of  the  equation. 
To introduce curvature t o  a s t r a i g h t  leading-edge surface such t h a t  the  
geometric re la t ionship of the leading edge associated with laminar convective 
heating i s  not a l te red ,  requires t h a t  
cos A - cos A' - -  
fi F 
To include aerodynamic surfaces at  angles of a t t a c k  other  than zero, the 
geometric sweep angle i s  replaced by the e f f e c t i v e  sweep angle which i s  defi'ned 
by 
2 cos = 4 - (cos a s i n  A) 
and 
2 cos = /1 - (cos a s i n  A ' >  
Therefore, changing the  geometric sweep angle i n  equation (Al) t o  the 
e f fec t ive  sweep angle by using equations ( A 2 )  and (A?)  y ie lds  
8 
By using the s impl i f ica t ion  t h a t  the  aerodynamic surface i s  s l ab  sided and 
t h a t  t he  curved leading-edge radius  R '  i s  equal t o  the  l o c a l  wing ha l f -  
thickness t (der iva t ion  of the  leading-edge radius  follows),  t he  geometric 
re la t ionships  of f igu re  6 shows t h a t  
t = tr(l - ;) 
Let t ing  the  roo t  half-thickness of the  slab-sided curved leading-edge 
surface be equal t o  the half-thickness of t he  slab-sided straight leading-edge 
surface and therefore  equal t o  i t s  leading-edge radius, tr = R, and thus 
R'  = t = R ( 1  - f) 
Subs t i tu t ing  t h i s  expression i n t o  equation (A4)  f o r  R '  y i e lds  
2 (1 - (cos a s i n  A ' )  1(1 - (cos a s i n  A ) ~  = 
Solving t h i s  equation f o r  s i n  A' and expressing t h e  r e s u l t s  i n  terms 
of  t an  A',  which i s  the  l o c a l  slope of the  curved leading edge, gives 
In tegra t ion  of  equation ( A 5 )  gives 
A cos2a 4- 
C O 2 &  
s in -1  
A + A - x  
,/A cos%, 
9 
which i s  the  equation of t he  curved leading edge. 
and the  constant of in tegra t ion  
t i p  of the  curved leading-edge surface.  From equation (A?) t he  value of A i s  
determined by choosing values of A' and x a t  t h e  t i p  of t he  curved wing and 
using known values of t he  s t r a i g h t  leading-edge surface which def ines  
a. With A determined, t he  value of B i s  ca lcu la ted  from equation (A6)  by 
l e t t i n g  y = 0 when x i s  the  span of the  curved leading-edge surface.  
The values of the  constant A 
B are determined by boundary conditions a t  the  
4 and 
To obtain the  leading-edge radius,  the  geometric r e l a t ions  of figure 6 
give 
bu t  
so 
but  
so 
or  
where 
theref  ore 
D = C - R '  
and solving f o r  R '  y i e lds  
F = -  ER ' 
tr 
10 
. .. I 
where 
X C =  s i n  At 
A 
s i n  AI E =  
H = /- = /tr2 + A2 
s i n 2 A 1  
therefore 
t, s i n  At s i n  AI - - 
A2 
s in2Ar  
t , h r 2 ~ i n 2 A ’  + A2 
11 
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(a) Wing I. 
All dimensions are in inches unless otherwise noted. Figure 1.- Dimensional details of wings. 
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Figure 1.- Continued. 
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Figure 1.- Concluded. 
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Figure 2.- Variation of chamber-pressure and trailing-edge drag coefficients with angle of attack. 
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Figure 3 . -  Static longitlldinal aerodynamic characteristics of the three wings 
at Mach numbers 3.00 and 6.00. 
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Figure 3 . -  Continued. 
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Figure 3 . -  Concluded. 
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Figure 4.- Drag coefficient increment due to lift. 
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Figure 5.- Variation of lift-brag ratio with lift coefficient. 
21 
1111l1lIlIlIlIIl I1 I1 Ill I l l 1  
Section A-A ( I n  plane I to L . E .  ) 
L 
;; P 
1 
=I 
Figure 6.- Geometric r e l a t i o n s  fo r  determining t h e  leading-edge curvature  and rad ius .  
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“The aeronautical and space activities o f  the United States shall be 
conducted so as to contribute . . . to the expansion of human knowl- 
edge of phenomena in the atmosphere and space. The Administration 
shall provide for the widest practicable and appropriate dirsemination 
of information concerning its actiuities and the results thereof .” 
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